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Abstract
Objective—To reconstruct the onset date and evolutionary history of the HIV-1 subtype C epidemic
in Ethiopia - one of the earliest recorded subtype C epidemics in the world.
Design—HIV-1 C env sequences with a known sampling year isolated from HIV-1 positive patients
from Ethiopia between 1984 and 2003.
Methods—Evolutionary parameters including origin and demographic growth patterns were
estimated using a Bayesian coalescent-based approach under either strict or relaxed molecular clock
models.
Results—Bayesian evolutionary analysis indicated a most recent common ancestor date of 1965
with three distinct epidemic growth phases. Regression analysis of root-to-tip distances revealed a
highly similar estimate for the origin of the clade. In addition we reveal that the HIV-1C epidemic
in Ethiopia has grown at a faster rate than the epidemic of subtype C in sub-Saharan Africa.
Conclusion—Reconstruction of the epidemic history in Ethiopia revealed that subtype C likely
originated from either a single lineage or multiple descendents in the late 1960s or early 1970s where
it grew exponentially throughout the mid-1970s and early 1980s, corresponding to a wave of
urbanization and migration. In light of these findings we suggest that subtype C strains were
circulating at least a decade before previous estimates and the first recognition of symptomatic
patients in Ethiopia. The timing of the Ethiopian epidemic is also in agreement with similar HIV-1
epidemics in sub-Saharan Africa.
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Introduction
HIV-1 infections in Ethiopia were first documented in a young man and woman in 1984 in
Addis Ababa when serum samples of 167 hospitalized patients with Bell's palsy were tested
for anti-HIV-1 antibodies [1]. Subsequently, the first clinically overt case of AIDS was
diagnosed in 1986 [2]. By the late 1980s a high prevalence of HIV-1 estimated at 17% was
detected among commercial sex workers residing along the main trading roads and among long
distance truck drivers [3,4]. The explosion of HIV into a major AIDS epidemic is almost solely
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attributed to subtype C with transmission largely sustained through heterosexual contact and
to a lesser extent mother-to-child transmission. Phylogenetic analyses have also revealed that
two genetically distinct viruses co-circulate in similar prevalence in all geographic regions and
risk populations [5,6].
A timescale for the introduction of subtype C in Ethiopia has been proposed in the early 1980s
(1980 to 1984) from the regression analysis of env gp120 V3 sequences [7,8]. This implies a
very quick fuse for the expansion of HIV-1 in Ethiopia, indicating that shortly after the
introduction of the virus the first HIV/AIDS cases were registered. In contrast the HIV-1
epidemics in sub-Saharan Africa and the Americas are reminiscent of a slow fuse epidemic
[9-11]. Using a combination of phylogenetic analyses and a Bayesian coalescent based
approach we estimate with more precision the timescale of the epidemic and present new
information on the epidemic growth patterns of HIV-1 subtype C. Our results suggest that
subtype C was circulating within Ethiopia for a sustained period of time before its initial
detection.
Materials and Methods
Sequence collection and phylogenetic analyses
HIV-1 subtype C sequences belonging to Ethiopia with known collection dates were retrieved
from the Los Alamos HIV Database (http://hiv.lanl.gov/content/index) [12]. In order to
improve the accuracy of phylogenetic inference we excluded (i) previously determined
recombinant sequences, (ii) multiple sequences from single individuals and (iii) sequences
containing frame-shift mutations. After the filtering of such data the only available gene
suitable for coalescent analysis was the env. As a result, 119 env sequences with known
collection dates between 1984 and 2003 were retrieved, all from Addis Ababa and its vicinity.
The GenBank IDs of all sequences used in this study are provided as supplementary
information (Table S1).
Sequences were aligned using CLUSTAL X and manually edited for optimization [13]. All
sequences were confirmed as being subtype C using the REGA subtyping tool version 2.0
[14]. To test for the presence of recombination, sequences were screened using the pairwise
homoplasy index (PHI) test [15,16]. This powerful PHI method identifies the likelihood of
recombination within a set of aligned sequences with a low false positive rate [15]. A PHI score
with a p-value <0.05 shows with significance that recombination occurs in the data set. No
significant recombination was observed (p = 0.99). Although unidentified intrasubtype
recombination might increase the variance of dating estimates, it is unlikely to bias the dates
in one direction or the other in an exponentially growing population [17].
Bayesian MCMC evolutionary analyses
Investigation of the evolutionary history [rate of nucleotide substitution, mode and rate of
population growth, and time to the most recent common ancestor (tMRCA)] was estimated
using a Bayesian MCMC (Markov Chain Monte Carlo) method implemented in the BEAST
v1.4.8 program [18]. Four different coalescent priors were investigated: constant population
size, exponential and logistic growth and the non-parametric Bayesian skyline plot (BSP)
[19] assuming either a constant (strict) or a variable (relaxed) molecular clock [20]. In each
case we employed a HKY85 nucleotide substitution model with two partitions in the codon
positions [21]. MCMC chains were run for sufficient time (50 to 100 million generations) to
achieve convergence (assessed using the TRACER program;
http://tree.bio.ed.ac.uk/software/tracer), with uncertainty in parameter estimates reflected in
the 95% highest probability density (HPD). The results of multiple runs were then combined
using the LogCombiner program (http://beast.bio.ed.ac.uk) after the removal of an appropriate
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burnin. The Maximum Clade Credibility (MCC) tree across all plausible trees was computed
from the sampled posterior phylogenies obtained from BEAST using the TreeAnnotator
program, with the first 10% trees removed as burnin. The Bayes Factor (BF) which is the ratio
of the marginal likelihoods (with respect to the prior) of the two models was used to determine
which clock and demographic model best fits the data [22,23].
To assess the reliability of our estimates for the substitution rate and the tMRCA and to
determine the extent of temporal structure in the env sequence data, we performed a regression
analysis of tree root-to-tip genetic distance against sampling date using the program Path-O-
Gen (http://tree.bio.ed.ac.uk/software/pathogen/ [24]) based on maximum likelihood (ML)
trees estimated from PAUP* [25].
Results
Rates and dates of HIV-1 subtype C Ethiopian epidemic
To explore the origin and time course of the subtype C epidemic in Ethiopia we conducted a
detailed Bayesian MCMC phylogenetic analysis. Analyses were performed with a variety of
different population models under both a strict and a relaxed clock model. For all model
comparisons, the Bayes factor analysis favored the relaxed molecular clock over a strict clock
(ln BF >81) and models allowing for population growth outperformed a constant population
size model (data not shown; available on request). Inspection of the median estimates for the
coefficient of variation parameter revealed significant lineage rate variation in the tree
irrespective of the evolutionary model employed with values of 0.726, 0.476, 0.484 and 0.473
for the constant, exponential, logistic and Bayesian skyline using relaxed clock analyses
respectively. Due to this high variation, the use of strict clock models with this data would be
inappropriate and would probably yield misleadingly estimates with regard to both timing and
substitution rates.
The estimated nucleotide substitution rates and tMRCA dates for the Ethiopian env sequences
obtained under the four different evolutionary models were highly consistent (not shown). The
mean rate of 5.70 × 10-3 nucleotide substitutions per site per year produced an average estimate
for the date of origin of the HIV-1C env sequences in the year 1965.56 (95% HPD,
1959.91-1973.87) (Table 1).
Similar estimates for the tMRCA were observed using simple root-to-tip regression (Figure
1C) where the × intercept represents the time to common ancestry while the slope of the
regression is an estimate of the rate of evolution. Results for the env gene indicate a root age
of 1966 with an evolutionary rate corresponding to 9.20 × 10-3 nucleotide substitutions per site
per year.
To determine the rate of increase in the effective number of infections Ne with time since the
initial introduction of the virus the exponential growth model was used to determine the growth
rate. The mean parametric estimates of r, where r is the population growth rate estimated in
BEAST, was 0.406 new infections per individual per year (95% HPD, 0.29 – 0.54 infections
year-1) (Table 1). This equates to a mean epidemic doubling time of 1.71 years (1.29 - 2.40)
using the relation λ = ln(2)/r. This mean estimated growth rate is in comparison slightly lower
than previously obtained for this subtype in the Brazil epidemic (∼0.6-0.8/year) [26,27] but
higher than the previously estimated doubling time of 2.4 years for the subtype C epidemic in
sub-Saharan Africa [28]. The use of the exponential model is in correspondence with the best
parametric model selected by the BF analysis. However, a discrepancy exists between this
result and the BSP, which suggests logistic growth (see below). One explanation for this is that
the model with fewer parameters is preferred to avoid over-parameterization. Nevertheless,
similar growth rates were observed using a logistic model of growth (not shown).
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To track the estimation of effective population size through time directly from sequence data
the BSP was utilized. Reconstruction of the demographic history from the BSP identified a
low number of effective infections during the initial epidemic and an exponential growth phase
during the late 1970s/early 1980s followed by a plateau during the mid-1980s/early 1990s
onwards (Figure 1b). This period of exponential growth coincides with the birth and rapid
diversification of lineages. The Bayesian genealogies for env showed two well-supported
monophyletic clades within subtype C for Ethiopia previously designated as main C group and
subcluster C′ (P=0.82 and 0.91 for each clade respectively) (Figure 1a).
Discussion
To investigate the timescale and epidemic history of subtype C in Ethiopia we utilized
established evolutionary techniques that significantly improved the dating approach previously
used by Abebe and colleagues [7,8]. Our estimated date for the tMRCA of 1965 (1959-1973)
is based on the assumption that this date corresponds to the introduction of HIV into Ethiopia.
It should be noted that this date also corresponds to the time of the ancestry for regionally
circulating subtype C viruses including those that gave rise to the Ethiopian epidemic. Two
different scenarios exist for the introduction of the virus into Ethiopia. Either a single lineage
was introduced and then subsequently split within the country or the tMRCA was actually still
in another country and several of its descendents entered Ethiopia independently at
approximately the same time (Figure 1a). The analysis presented here provides no evidence in
favor of either of these alternatives, thus both are equally possible. Despite this uncertainty the
results still indicate a significant lag time between the estimated appearance of the MRCA and
the first recognition of symptomatic patients in Ethiopia in the 1980s. Such an observation is
similar to the conclusions of Gilbert et al. where subtype B was circulating cryptically in the
United States a decade before AIDS was recognized [10]. Interestingly our tMRCA date
coincides with another HIV epidemic in central east Africa where subtype C predominates
[29]. Similar to Ethiopia, the first evidence of HIV-1 in Malawi dates back to 1982 and yet the
timing of this epidemic dates as far back as the mid 1960s [11]. Our estimates also coincide
with the introduction of subtypes A and D into East Africa [30].
Another piece of evidence that is difficult to reconcile with the original dates proposed by
Abebe et al. is the time discrepancy between the initial origin and first AIDS cases. Their initial
estimates for the origin of subtype C in Ethiopia are 1982/83 respectively for each cluster. In
stark contrast the first AIDS cases in Ethiopia were recorded in 1986. Therefore, this would
represent a very short time span for typical progression to AIDS given that the mean time from
infection with HIV to the development of AIDS-related symptoms is approximately 10 to 12
years [31]. Even if those first cases were indeed rapid progressors they would constitute only
a minority of several hundred people infected, although it has been suggested from a few studies
done in the African setting that the rate of disease progression is faster among resource-poor
patient populations [32-35]. However, due to the small numbers associated with these studies
our knowledge about the pattern of disease progression in HIV infection in developing
countries is limited [36]. Whether the same trend of rapid disease progression may hold true
for Ethiopian patients needs to be further determined [37].
The notable disparity between our estimates and the earlier estimates probably arise from a
number of weak assumptions and inferences associated with the linear regression method. Such
limitations include the inability to deal with certain types of evolutionary idiosyncrasies such
as different evolutionary rates among lineages and the non-independence of sampled
sequences. Furthermore the criteria for linear regression may not have been fulfilled in the
analysis of synonymous distance versus time in the earlier analysis.
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A final striking point of support is that the origin of this epidemic can also be traced back to
the first wave of urbanization when Addis Ababa began its rise to a major city between
1967-1975 when rural to urban migration was at its peak [38]. This was followed by a second
growth wave between 1975 and 1987 where the population of Addis Ababa skyrocketed, which
is in good agreement with the exponential growth phase from our BSP.
In summary, our demographic and evolutionary reconstruction of the Ethiopian epidemic
suggests that either a single lineage entered the country and then split within the country to
form two distinct clades or several descendents of closely related subtype C viruses with a
common ancestor originating in the mid 1960s entered the country. In any case, this was
followed by explosive growth in the late 1970s to early 1980s. This is also consistent with an
increase of urban agglomerations, which may have facilitated the initial establishment, and
diffusion of nascent HIV-1 lineages - a trait previously implicated in the birth of the HIV-1/
AIDS epidemic [9]. Nevertheless our perspective on the evolutionary history of HIV-1 is
hampered by the lack of sequences recovered from the 1960s to 1980s, which could yield
additional insights into the dynamics of how and where these epidemics emerged.
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(a) Bayesian maximum clade-credibility tree for HIV-1 subtype C env in Ethiopia. Trees
were inferred using BEAST v1.4.8 from a posterior distribution of 10,000 trees employing
constant population size, exponential and logistic growth and the Bayesian skyline plot
coalescent tree prior. Branch lengths are depicted in units of time (years). Two subclusters are
designated as the C or ‘main’ group (branches colored in grey) and the C′ cluster (branches
colored in black).
(b) Bayesian skyline plot estimated under a relaxed clock model for the Ethiopian HIV-1C
epidemic. Bayesian skyline plot representing estimates of effective number of infections
through time for the HIV-1 subtype C env variants. The plot begins at the mean posterior
tMRCA. The solid bold line represents the inferred median effective population size over time
with the 95% upper and lower HPD estimates shaded in blue.
(c) Regression of root-to-tip distances versus sampling date for env. The inferred rate of
nucleotide substitution is given by the slope with time of the most recent common ancestor
designated by the X intercept. The correlation coefficient is also shown.
Tully and Wood Page 8

























Tully and Wood Page 9
Table 1




Sample date range 1984 - 2003
Best fit demographic model Exponential growth (relaxed molecular clock)
MCMC chain length 50, 000, 000
Mean substitution ratea 5.70 × 10-3





Coefficient of variation 0.479
(0.373 – 0.596)
Mean population growth rate (year -1)b 0.406
(0.289 – 0.536)
Mean epidemic doubling time (year) 1.71
(1.29 - 2.40)
95% HPD are indicated in parenthesis
a
Number of substitutions per site per year
b
Number of new infections per individual per year
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